The objective of this study was to identify environmental and management factors that are associated with the frequency of fatigued, injured, and dead pigs on arrival and in resting pens during lairage at a commercial Midwest abattoir. The terms transport losses or total losses refer to pigs that die or become nonambulatory at any stage of the marketing process. In this study, fatigued, injured, and dead pigs were summed into a variable termed total losses. Relative humidity (%), temperature (°C), wind speed (m/s), and dew point (°C) data were collected on 12,333 trailer loads of pigs. Week, sort from barn (first or third pig removal from barn), farm, normal vs. split load type (from 1 or multiple barns), load crew, driver, trailer, and wind direction were used as fixed effects in the model for the analysis of losses per load using generalized mixed models for Poisson distributions. Seven temperature-humidity indices (THI) were calculated and compared as model covariates. Load time per pig, trailer density (pigs per trailer × average BW/trailer space; kg/m 2 ), wait time before unloading at the abattoir, and wind speed were used as model covariates. The log of the number of hogs per trailer was used to standardize the response variable. The linear covariate density accounted for the greatest portion of variance (based on F-value) followed by the fixed effect sort from barn, the fixed effect load type (pigs from 1 or multiple barns within a farm), load time per pig linear covariate, and THI. Pigs transported to the abattoir from June through July experienced fewer losses (P < 0.001) when compared with pigs that were transported from November through December. Keeping other factors constant, the log of total losses (%) per load increased by 0.0102x + 0.000541x 2 per unit of THI and 0.0191 kg/m 2 of density. Similarly, of 9 farms, the poorest-performing farm in regards to total loss percentage experienced 0.93% more losses per load when compared with the farm with the least loss percentage. This study demonstrates that multiple environment and management factors influence the incidence of market hog transport losses.
INTRODUCTION
The term transport losses refers to pigs that die or become nonambulatory at any stage of the marketing process. Pigs that die during transport are referred to as dead on arrival, whereas pigs that die after having been unloaded are termed dead in yard or dead in pen (M. J. Ritter, Elanco Animal Health, Greenfield, IN; M. Ellis, University of Illinois, Urbana; S. E. Curtis, University of Illinois, Urbana; N. L. Berry, Cargill Meat Solutions, Wichita, KS; S. R. Niekamp, Natl. Pork Board, Des Moines, IA; A. K. Johnson, Iowa State University, Ames; unpublished data). Transport losses represent multiple challenges for the entire US food chain. First, transport losses are a welfare priority (NPB, 2008) . Second, government-imposed rules and regulations may occur if the pork industry does not address these issues, and third, transport losses represent direct financial losses to pig producers and pork processors (or slaughter houses). Dead and nonambulatory pigs have been estimated to cost the US pork industry $50 to $100 million annually (Ellis et al., 2003 ; M. J. Ritter, Elanco Animal Health, Greenfield, IN; M. Ellis, University of Illinois, Urbana; S. E. Curtis, University of Illinois, Urbana; N. L. Berry, Cargill Meat Solutions, Wichita, KS; S. R. Niekamp, Natl. Pork Board, Des Moines, IA; A. K. Johnson, Iowa State University, Ames; unpublished data).
Transportation losses are a multifactorial problem and include the human-animal interaction, the environment, and the individual pig. Pork producers have implemented numerous techniques or standard operat-ing procedures to reduce the incidence of fatigued, injured, and dead market pigs. For example, producers have been certified through the National Pork Board's Transport Quality Assurance Program. This program was designed to teach producers the best methods for loading and transporting pigs to minimize associated pig injury, fatigue, and death (NPB, 2008) . However, many questions still remain in regard to the factors associated with transport losses. The objective of this study was to identify environmental and managerial factors associated with the incidence of the fatigued, injured, and dead market weight pigs during transport to and lairage at a commercial abattoir.
MATERIALS AND METHODS
Animal care and use approval was not obtained for this study because the data were provided to the researchers from an existing database.
Pig Transportation
Data were collected by a large integrated Midwestern pork producer from May 2005 to August 2006. A total of 2,053,945 market pigs (n = 12,333 trailer loads of a mix of barrows and gilts) from 9 farms were transported to a single abattoir. Categorical and continuous variables recorded for each trailer load of pigs transported to the abattoir are listed in Table 1 .
Multiple 1,000-to 1,150-pig, grow-finish barns were located on each of the 9 farms represented in this study. Each finisher barn contained pens on both sides of a center walkway that was utilized by loading crews to move pigs to the trailer on the day of marketing. The standard operating procedure for loading trailers required the 4-person crew to cooperatively move pigs from the pens to the rear of the trailer in groups of 5 or less. Crew members were allowed minimal use of electric prods. The loading crews moved to multiple barns on the same farm until the desired number of pigs for that load was reached. When pigs were loaded onto trailers from multiple barns located on a single farm (load type), the loads were designated as split loads. The amount of time required for the trailer to move between barns during a split-load type was included in total load time estimates.
Pigs were removed from the barns in 3 sorts. Loads consisting of pigs removed from the barn on the second sort (n = 245) were removed due to the relatively small number and clustering of observations during the beginning of the study. Criteria were imposed for farms and drivers to be included in the analysis. Each farm must have had produced >50 loads of pigs from both the first and third pulls. This reduced the number of farms from 37 to 9. Trailer drivers must have delivered pigs from at least 5 of the 9 farms, transported >50 loads of pigs, transported pigs from at least 2 farms within a week for at least 5 wk of the year, and trans- Weather data were collected at the abattoir every 15 min. Trailer loads were assigned the closest logged weather data.
Factors associated with pig transport losses ported pigs for at least 2 wk from at least 5 farms. The removal of second sort, farms, and drivers decreased the number of observations in the formulation data set from 11,451 to 9,651. The total number of loads of pigs equaled 12,333.
Pigs were transported to the abattoir in straight deck, side-unloading trailers manufactured by 2 different companies [total floor space equaled 73.52 m 2 for trailer 1 (Barrett Trailers, Purcell, OK) and 72.84 m 2 for trailer 2 (Wilson Trailers, Sioux City, IA)]. Each trailer had 2 decks with diamond-plated flooring and an internal ramp located at the rear of the trailer for pig movement between decks during loading. Unloading of the trailer was accomplished using 3 doors located on the side of the trailer (1 on the top deck and 2 on the bottom deck). Pigs from each deck were unloaded at different locations at the abattoir. These locations at the facility were specific to the heights of the upper and lower decks of the trailer, thus allowing pigs to be unloaded without using ramps. Electrical prods were not used during unloading of the market pigs. Both trailers utilized natural ventilation and followed the procedures of the farm for weather changes. Environmental conditions in the lairage pens were controlled by internal fans, heaters, and misters.
Pig Description
Fatigued, injured, and dead pigs on arrival and in lairage were counted by abattoir personnel that undergo the animal handling training of the company. These workers are specifically trained to identify and prevent stressors during the unloading and movement of pigs throughout the facility. All data were collected at 1 abattoir where all identification and recording were standardized.
Fatigued pigs for this study were defined as nonambulatory, noninjured, and often displayed open-mouthed breathing, blotchy red skin, and muscle tremors (Benjamin, 2005) . Pigs were recorded as injured if the pig displayed an obvious injury that prevented normal movement. Pigs that were fatigued or injured on arrival at the abattoir but later died in the pen were recorded as dead. Fatigued, injured, and dead pigs were counted both during unloading of the trailer at the abattoir and in the lairage pen before processing. Pig losses were collected and recorded until the pigs were moved from the lairage pen to the stunning area. Pig losses during loading at the farm and unloading and resting at the abattoir were summed to form a new variable termed total losses.
Weather Data Measurement
Weather data were measured and recorded using a remote HOBO weather station (Onset Computer Corp., Bourne, MA) located at the abattoir. The weather station was fitted with sensors that measured barometric pressure (mmHg), temperature (°C), relative humidity (RH, %), wind speed (m/s), and wind direction (m/s). Both the temperature and RH sensors were protected from solar radiation by a shield. The weather station was set to record weather observations every 15 min. Each trailer load of pigs was assigned to the closest weather data time logged, which corresponded to the time the load of pigs arrived at the abattoir. Weather data for the entire study are summarized in Table 2 . Weather observations with greater than 100% RH val- Weather data were measured and recorded using a remote HOBO weather station (Onset Computer Corp., Bourne, MA) located at the abattoir. HOBO weather stations were set to record weather observations every 15 min.
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Predicted error sums of squares = sum of squared residuals (residuals = the observed value minus the predicted values from the model). Error sums of squares was calculated for each THI in the validation data set (n = 2,682). Fitzgerald et al.
ues were set to equal 100%. Relative humidity values greater than 100% may have occurred as a result of super saturation of the air or as a result of the accuracy of the instrumentation (±3%; 103% RH is within the accuracy of the instrument).
Temperature and RH and interactions between the 2 variables were fit into the reduced final model as linear and quadratic covariates. Additionally, 7 temperature humidity indices were calculated and were included in the reduced final model in place of temperature and RH. The index or covariates that yielded the least predicted residual sums of squares (PRESS) in the validation data as well as minimized the Akaike's information criteria (AIC) value was used as the THI of choice for the present study. Temperature (T) and dew point (T dp ) are expressed in degrees Celsius and RH as a decimal (RH dec = RH/100). Gaughan et al., 2008 ; adapted from Thom, 1959) . from NRC, 1971 ). THI1971b = (0.55 × T + 0.2 × T dp ) × 1.8 + 32 + 17.5 (Bohmanova et al., 2007; from NRC, 1971 ). THI1971c = 0.81 × T + 0.143 × (RH dec × 100) + 0.0099 × (RH × 100) × T + 46.3 (Bohmanova et al., 2007; from NRC, 1971) . NOAA, 1976) . THI1985 = T + 0.36 × T dp + 41.2 (Yousef, 1985) . 
Statistical Analysis
Two data sets were created from the original data that were used for formulation and validation of a model to predict percent total losses per trailer. The formulation data set included observations from 1 yr beginning in May 2005 and ending in the following April 2006 (n = 9,651), whereas the validation data included observations from April 2006 to mid-August 2006 (n = 2,682).
Simple means were calculated for fatigued, injured, and dead pigs (MEANS procedure; SAS Inst. Inc., Cary, NC). Simple means were calculated using data from the entire 1.5-yr study period.
A trailer load of pigs served as the experimental unit in this study. Analysis of the total transport losses per trailer was performed using a generalized mixed model (GLIMMIX procedure, SAS Inst. Inc.). The GLIMMIX procedure uses a log-transformation to transform the data that approximated a Poisson distribution before performing statistical analysis. An offset variable, the log of the total number of hogs per trailer, was used to standardize the number of transport losses to the number of pigs on each trailer load. Thus, results in the present study are presented on a percentage basis [number of transport losses/total number of pigs on trailer × 100]. The ILINK option (SAS Inst. Inc.) was used to back-transform least squares means into their original unit of measure for ease of interpretation. Trait means correspond to the geometric mean of the population ⋅ ⋅ , where a equals the percentage total losses per trailer n). Additionally, a backward stepwise procedure was established to remove variables that did not account for significant variation. The single variable accounting for least amount of variation for each model was removed, and the model was reanalyzed until all variables were significant at P = 0.10 level. The significance level for variables to remain in the model was set at the 0.10 level to prevent premature removal of variables that may have biological impact on pig losses previously evaluated in the literature.
RESULTS AND DISCUSSION
Simple means for total losses per trailer load and associated transport variables are listed in Table 3 . A total of 17,393 fatigued (n = 11,192) , injured (n = 1,045), and dead (n = 5,156) pigs were observed for the time period of the analysis, averaging 0.85% pig losses (median = 0.60%) per trailer load of pigs transported to the abattoir. Fatigued, injured, and dead pigs averaged 0.55, 0.05, and 0.25% per trailer load of pigs, respectively. In a review of transport losses across 22 commercial field trials containing a total of 4,607,567 pigs, Ritter (2008) reported averages of 0.37, 0.25, and 0.62% for nonambulatory, dead, and total transport losses, respectively. Whereas average losses per trailer in this study were greater than those reported by RitFactors associated with pig transport losses ter (2008), they are within the range of transport losses observed in that study (0.14 to 2.39%). Dead pig averages were equal between this study and those reported by Ritter (2008) . Fatigued and injured pig averages in this study were larger by 0.31 and 0.01% from those trials reported by Ritter (2008) that separated nonambulatory pigs into fatigued and injured categories. The difference may be attributable to varying definitions of a fatigued pig between the personnel recording fatigued pig data in the 2 studies.
Model Selection for Total Losses
Rest time at the abattoir was initially included as a linear covariate in the model predicting total losses per trailer load of pigs. In an analysis of transport losses on arrival at the plant (not reported), rest time was observed (P < 0.0001) to be associated with transport losses. This result may erroneously contribute to the association of rest time with total losses per trailer. Rest time was removed from the prediction model before any backward selection was performed. In that same analysis of losses on arrival, receiving crew was not associated with transport losses. This lends evidence to the true association of receiving crew at the abattoir with total losses per trailer. Furthermore, all remaining effects in the final model could logically be associated with total losses.
Of the remaining 9 fixed and 8 regression effects (the final model listed below plus 4 insignificant effects), the linear covariate wind gust (P = 0.72), the linear covariate distance transported (P = 0.46), trailer (P = 0.43), and wind direction (P = 0.13) were removed sequentially from the final model as a result of backward selection. There was no evidence in this study that these 4 variables were associated with percentage of losses per trailer. Confounding or collinearity (Dohoo et al., 1996) among effects simultaneously included in the model may have played a role in these variables not contributing significant variation. For example, the Pearson correlation coefficient for wind gust and wind speed was 0.96. After removing variation attributable to wind speed, wind gusts accounted for little variation. For each trailer load of pigs transported, wind gusts averaged 1.68 m/s (0.011 m/s SEM) faster than the observed wind speed.
A similar result was observed when including farm and distance traveled as a fixed effect and covariate in the model, respectively. Each farm only had 1 distance to the abattoir, and few distances had more than 1 farm. Thus, the linear covariate distance was removed from the model.
Two trailer manufacturers were represented in this study. After total pig transport weight was adjusted for trailer space [trailer density (kg/m 2 )] and included as a linear covariate in a model to evaluate pig losses, there was no evidence that trailer type was associated with total losses.
The final 13-variable prediction model for percent total losses was the following: The ANOVA for the model above is listed in Table  4 . Trailer density accounted for the largest portion of variation in percentage defect. A trend (P = 0.052) was observed in this study for the effect of wait time before unloading at the abattoir on total losses per trailer.
Farm and Distance from the Abattoir
Farm was included in the final model and was found to account for variation (P < 0.001) in percentage total losses. This observation was expected because farms were managed by individual operators and may have contributed different management effects for the pigs. Least squares means for percentage total losses by farm ( Figure 1 ) appear to mimic a tiered pattern. Of the 9 farms, 2 farms averaged greater than 1.0% losses, whereas the next tier of farms begins at 0.71% and proceeds to 0.59%, with the last tier of farms averaging below 0.5% total losses. All farms were located between 34 and 160 km from the abattoir. As an alternative to adding the linear covariate distance, a categorical variable was created with 3 levels of distance [0 to 40 km (n = 5,548 loads, 4 farms), 40 to 80 km (n = 3,879 loads, 3 farms), and >80 km (n = 2,906 loads, 2 farms)]. The 2 farms (farm 1 and 2) averaging greater than 1.0% total losses per load were the 2 farms located greater than 80 km (average distance = 153 km) from the abattoir. Conversely, 2 of the 3 farms (farms 8 and 9) located between 40 and 80 km (average distance = 65 km) of the abattoir averaged less than 0.5% total losses per load. Contrasts between farms of different distances were performed. Farms at distances between 40 and 80 km (farms 5, 8, and 9) averaged the least (P < 0.01) total losses of all distances. Farms located within 40 km of the abattoir (farms 3, 4, 6, and 7; average distance = 35) numerically averaged fewer (P = 0.14) total losses than farms at distances greater than 80 km. Although farm was included in the model to remove variation due to farm level effects, it is important to identify those farms and their practices that yield large numbers of total losses so they may modify procedures to reduce total losses.
Sort from Barn
Pigs were removed from a growing-finishing barn in 2 or 3 phases (sorts). Pigs removed from the barn during the first sort averaged fewer (P < 0.001) losses than the third sort (0.51 and 0.78%, respectively). The observed difference in sort from barn may be attributed to slower growing (i.e., pigs that take approximately 10 to 20 d longer to market weight) or unhealthy pigs. Additionally, the inclusion of Paylean (Eli Lilly and Co., Indianapolis, IN) in the ration for third sort pigs may have contributed to an increase in percentage total losses.
Trailer Density
Log-linear predictions (Ramsey and Schafer, 2002) for trailer losses at different trailer densities are shown in Figure 2 . Trailer density accounted for the largest portion of variation (P < 0.001) in total losses per trailer load. In this study, increasing trailer density by 50 and 100 kg/m 2 was associated with a 0.53 and 0.74% increase in total losses per trailer, respectively. Moreover, increasing trailer density from the minimum (212.38 kg/m 2 ) to the maximum (338.64 kg/m 2 ) density was associated with a 7.55-fold increase in total losses. Figure 3 estimates the associated risk of changing pigs per square meter at different average BW, or alternatively, the favorable change in percentage losses by decreasing Factors associated with pig transport losses pigs per square meter at different BW. For example, a producer averaging 1.0% losses per trailer load could decrease transport losses by decreasing pigs per square meter, decreasing average BW, or both. Once available transport space and acceptable risk has been determined, a pork producer can easily calculate the optimal number of pigs per load by multiplying the available space by pigs per square meter.
The results in the present study are similar to those reported by Ritter et al. (2006) where they transported finishing pigs to the abattoir under 2 trailer densities (0.39 or 0.48 m 2 /pig; BW = 129.0 kg). In that study, Ritter et al. (2006) found that total injured pigs, fatigued pigs, and total losses were reduced by 0.35, 0.37, and 0.52%, respectively, when pigs were allowed more transport space during transport to the abattoir. A similar study by Ritter et al. (2007) Figure 4 . Week of the year was found to affect (P < 0.001) the percentage of losses per trailer load. A fourth-order polynomial trend line was fit through the least squares means to more clearly observe the cyclical pattern of total losses throughout the year. The 2 wk that incurred the greatest percentage of losses per trailer were wk 50 and 52 (the second and last week of December). Conversely, the 2 wk with the least percentage losses per trailer were wk 26 and 28 (the last week in June and second week in July). Similarly, pigs transported to the abattoir in the months of June and July experienced fewer losses (P < 0.001) when compared with pigs that were transported during the months of November and December.
Pig market weights tend to increase during the winter months and as well as the total number of pigs marketed (Meyer, 2008) , and the same trend in average BW was observed in this study. More pigs transported to market would inherently increase the risk during those times of the year (M. Ritter, Elanco Animal Health, Greenfield, IN, personal communication) . In this study, the average total losses per week follows the observed trend in average pig BW per trailer per week ( Figure  4 ). Pig market BW was an average 7.62 kg less (P < 0.0001) for wk 23 through 34 as compared with wk 48 through 7. The cyclical pattern in total losses per trailer throughout the year has been observed by other researchers (Rademacher and Davies, 2005) .
When plotting fatigued, injured, and dead pig simple means per week in this study, fatigued pigs represented the greatest portion of total losses during the winter months, whereas dead pigs were greatest during summer months. This may be the result of pigs becoming subclinically fatigued during transport and later dying in the pen at the abattoir, thus being recorded as a dead pig. Whereas during the winter months, fatigued pigs may recover given sufficient time (M. Ritter, Elanco Animal Health, Greenfield, IN, personal communication). The percentage of injured pigs was relatively consistent throughout the year when compared with the percentage of fatigued or dead pigs with the least frequency occurring during the spring months.
Temperature, RH, and Their Index
The temperature quadratic covariate and the RH linear covariate were sources of variation (P < 0.01, P = 0.04, respectively) in the model predicting percentage total losses. The interaction between the linear temperature and RH covariates did not (P = 0.89) affect trailer losses. Several temperature-humidity indices have been calculated to predict future stress as a result of interactions between temperature and humidity (Thom, 1959; NOAA, 1976; Yousef, 1985) . Each of the 7 THI equations was individually fit into the model as first linear and then quadratic covariates (if the linear was P < 0.05). Both the linear and quadratic covariates of THI1971b, THI1976, and THI1985 were sources of variation. Only linear covariates were fitted into the model for the remaining THI. Total losses were predicted for trailer loads of pigs in the validation data, and PRESS and AIC values for each THI are listed in Table 2 . Similar results were found between all THI with an observed difference in PRESS of 29.17 between the least and best predictive THI in the validation data set. The THI1976 yielded the lowest PRESS and AIC values of all calculated THI equations.
Evidence was found in this study for the THI1976 quadratic covariate accounting for variation in percentage losses per trailer. Two observations are apparent from Figure 5 . First, relative to trailer density, THI1976 was associated with a smaller magnitude of percent total losses, as shown on the y-axis. The difference between the largest and smallest value is 0.0018%, which represents a 2.13-fold increase. This may be a result of week being fit simultaneously in the model; that is, once seasonal variation in percent total losses is removed because of week, then THI contributes to derived from a study of factors that increase total losses during transport and lairage at a commercial abattoir. Predictions were calculated by dividing the trailer density at different predicted losses by different average pig market weights. variation but at a decreased magnitude compared with season. Second, THI values of −19 (the minimum THI value in this data set) and 1 were associated with equal percent total losses. After the THI value of 1, increasing THI to the maximum calculated value of 30 was associated with a 2.19 increase (0.0025%) in total losses. Yet, this observation does not take away from the importance of proper management during both hot and cold weather extremes.
Other abattoirs and producers might have different results than those found in this study and should consider developing similar equations to fit their conditions. St-Pierre et al. (2003) reported that heat stress is the probable cause of 0.2 to 5.9 pig deaths per thousand pigs produced annually and reduces efficiency by 0.4 to 7.2 kg/(pig·yr) depending upon the production region. Trailer drivers need to be cognitive of weather changes from both warm to cold and cold to warm weather and add or remove air inlet covers, respectively, throughout the day (NPB, 2008) .
There was a trend (P = 0.05) for the interaction between the linear covariates density and THI1976 with total losses and no evidence (P = 0.30) when the quadratic THI covariate interaction was included. Further, an increase in AIC was observed when including the interaction term. Therefore, the interaction between density and THI1976 was removed to predict each variable independently.
Wind Variables
The presence of wind can be beneficial during hot weather and dangerous to animal welfare during cold weather if proper precautions are not taken (NPB, 2008) . In the present study, wind speed was associated (P = 0.04) with the total percentage of losses per trailer load, and an observed trend in plotted data confirms this association (data not shown). An increase in wind speed from 0 to 7 m/sec was associated with a decrease in total losses by 0.00025%.
A study conducted by Mader et al. (2006) reported that an increase in wind speed by 1 m/s decreased THI by 3.14 units. Interactions of wind speed with quadratic THI1976 (P = 0.33) and wait time at the abattoir before unloading (P = 0.93) were originally included in the model but were removed as a result of backward stepwise elimination. McFarlane (1989) reported a relationship between multiple stressors on chick growth. This study found one stressor such as disease, high temperature, or ammonia decreased chick gain by 9%. The simultaneous addition of 6 stressors decreased performance by 62%. If one were to assume the same additive effects of stressors in pigs, removing or reducing 1 stressor, even of small magnitude, should result in a favorable improvement in transport losses. In conclusion, transport losses are a multi-factorial problem, and trailer density, sort from barn, season, and weather variables were identified in this study as large sources of variation in total losses per trailer.
